Modeling and validation
We developed a simplified mechanical model to predict the force production of the artificial muscle. In this model, a linear zigzag actuator can be abstracted as a chain of triangularcylinder-shaped units. Each of these units can be modeled as two hinged rigid beams with an initial opening angle 2θ, and the hinge can be modeled as two cantilever springs ( Fig. S1(a) ).
For the artificial muscles with parallel skeleton walls, each structural void can be modeled as two parallel plates connected by a compression spring ( Fig. S1(b) ). This modeling method can be used to describe our artificial muscles with other skeleton structures. In addition, the skin of each artificial muscle unit is modeled as a mass-less, flexible, and non-stretchable membrane between two beams, forming a void. This membrane's geometry can be approximated as a parabolic arc and the skin's elongation and bending deformation are both neglected in our model.
For the blocked force estimation on a zigzag actuator, we used a force balancing method to describe the static forces at equilibrium. As written in Eq.1, the output force F output equals to the sum of the horizontal tension forces T x from the skin and the pushing force F p applied on the cross-section area of the actuator, when there is a pressure difference ∆P between the inside and outside fluids of the muscle.
The force F p in this model can be calculated as
where A is the actuator's cross-section area, and W and H represent the width and height of the actuator, respectively. The force T x is the horizontal part of the skin's tension force T , and it can be calculated as
The tension force T can be estimated based on the Laplace Law as
and its angle to the horizontal direction is
where R is the radius of curvature of the skin at the contact point O. Using a parabolic curve to approximate the skin's curve, R can be estimated as
In this equation, c is the chord length of the parabolic curve at the void's top (c = 2L), and h is the distance from the parabola's vertex to the void's top frame. Based on the experimental measurement of h and a given vacuum pressure ∆P , the output blocked force can be estimated.
To estimate the force-contraction relation, we built a model based on the principle of virtual work. The output force is a function of the hinge's angle at a constant pressure difference ∆P , it can be written as
where δL and δV represent the small virtual changes of the unit void's opening length and the internal fluid's volume, respectively. L is a function of θ, and it can be written as
δL(θ) δθ = D cos θ
where D is the wall's length. The internal fluid's volume V can be approximated by subtracting a small triangular volume V triangle from the void's volume V void .
V (θ) = V void − V triangle (11)
where h is the subtracted triangular portion's height, and L 0 is half the void's opening length.
We assume that the skin's total length in one void stays constant during the contraction, then h can be calculated as
where S 0 represents one half of the arc length from the original parabola approximation. This can be estimated by
where h 0 is the measured depth of the parabolic approximation curve for the skin's initial deformation before contraction. We should note that the skin's length of each void can be estimated based on the void's geometry. However, the estimation accuracy highly depends on the stiffness of the skin material, and the sealing compactness between the skin and the skeleton. The fluid volume can then be written as:
Let µ = S 0 2 − D 2 sin 2 θ, we can get
Based on Eqs. 10 and 18, we can obtain a complete expression for Eq.8:
This force function should equal to zero when the voids are completely closed (θ = 0) in practice. However, due to the inaccurate approximation of the fluid volume, this force estimation does not approach to zero.
To correct this force estimation, we introduced a linear correction term, λ(θ), into the model as shown in Eq. 21. The force function can then be rewritten in Eq. 22 with the correction item.
The skeleton's elastic force can be estimated using a linear cantilever-spring model as
where k s is the bending stiffness of the void's walls. Given the skeleton material's tensile modulus, k s can be calculated by Eq. 24.
The net output force F output can be estimated using equation (25) , and the total contraction of a linear zigzag actuator with N units can be calculated using Eq. 26:
6 To validate the model prediction, we performed experiments using three linear actuators with zigzag skeletons (Fig. S1(e) ). We used a laser-based measurement to estimate the skin deformation ( Fig. S1 (f) and (g)). As shown in the comparison in Fig. S1 (h) and 1(i), our model successfully predicts the blocked force and the force-contraction relationships for the linear zigzag actuators with three different configurations using 30-degree, 60-degree, and 90-degree folds. The prediction errors were approximately 7% for the blocked force, and 11% for the maximum free contraction at -70 kPa, respectively. The accuracy of our simplified model is acceptable for such a fluid-solid system made of both rigid and flexible materials, especially when the system is pneumatically driven at low pressure.
It should be noted that the linear zigzag structure used in this study is not optimally designed to maximize contraction or force, however the theoretical analysis and the prototype fabrication process are very convenient due to the simplicity of its geometry. Based on the mechanical model presented here, the linear zigzag muscle's geometry (e.g., the nominal fold angle) can be further optimized in order to produce the desired contractions and forces.
We should also note that we do not focus on deriving models and optimizing parameters for each particular muscle in this paper. However, the virtual-work based method is very generic, and it can be used to derive the force-contraction functions for a host of variations on the artificial muscles presented in this paper. Once their models are derived, many optimization methods and tools can be used to obtain the best designs for a desired performance (1).
Summary of performance characterization
We characterized the performance of a group of linear actuators using simple zigzag skeletons.
As shown in Fig. S4 We obtained a maximum blocked force from another nylon-fabric skin actuator (# 3 in Fig. S2(i) of approximately 428 N at -90 kPa. This force corresponds to an actuation stress of approximately 600 kPa that is roughly six times greater than the sustainable stress of mammalian skeletal muscle (100 kPa) (2).
The energy conversion efficiency and the power density of the artificial muscles were both measured on a miniature zigzag actuator made from polyester sheets. This light-weight actuator -similar in mass to a Ping-Pong ball -can be easily blown away by a small computer fan (Movie S7). In the power density measurement, the 2.6 g actuator can lift a 3 kg object (more than 1,000 times heavier than the actuator itself) within 0.2 seconds using a -80 kPa vacuum. A peak power density of 2.08 kW/kg was obtained during the 2 kg load lifting tests, and the peak power density calculated from the 1 kg load tests and the 3 kg load tests are 1.85 kW/kg and 1.80 kW/kg, respectively. All of these peak power densities are more than six times the peak power density of mammalian skeletal muscles (0.28 kW/kg) (2).
To measure the 2.6 g muscle's mechanical energy conversion efficiency, we conducted loadlifting experiments with different weights. As shown in Fig. S6(d) , the averaged energy efficiency from the tests approached 23% (1 kg load, pneumatically driven) and 59% (0.5 kg load, hydraulically driven). The mechanical energy conversion efficiency for natural muscle is approximately (40%) (2-4).
To characterize the muscle system's energy conversion efficiency, we built an artificial muscle system using the light-weight zigzag muscle (weight: 2.6 g, length: 10 cm) directly powered 8 by an electric vacuum pump. Four different pumps were characterized in our experiment as shown in Fig. S6 . In a previous experiment, we obtained a mechanical-to-mechanical energy efficiency approximately 20% from the pneumatic-driven muscle, however the electrical-tomechanical energy efficiencies were approximately 2% -5% (Fig. S6(c) ), once these miniature diaphragm vacuum pumps were included into the system. Furthermore, the system's energy efficiency decreased to 0.3% when the muscle was powered by the large rotary vane pump. The miniature diaphragm pumps appear more efficient then the large rotary vane pump under these conditions. However, the large pump powered the muscle to lift the load up approximately 70 mm within 0.3 second in our experiment, and it was significantly more powerful than the miniature DC pumps. Therefore, various devices and energy sources should be considered for pressure generation in different practical applications. Our past work has quantified the relative merits (such as energy efficiency, energy density, and flow capacity) of various pneumatic energy sources, and the details can be found in (5).
The averaged system bandwidth of this 2.6 g linear muslce (with 500 g load) was approximately 1.1 Hz (-3 dB cutoff frequency). We should note that these experiments were conducted without any feedback control, and the system's bandwidth was also limited by the solenoid valve we used. Therefore, the bandwidth can be improved by using better valves and pressure regulators as well as a closed-loop controller (6) . In addition, there are several powerful methods that can be implemented to potentially increase the bandwidth by 400% (7), for example increasing the flow rate and using filler materials inside of the muscles.
Actuator fabrication
We used different methods and materials to fabricate the actuators described in this paper (see S7(c)), and the TPU based skeletons for the large robotic arm (Fig. S7(f) ). A laser cutter (Universal Laser Systems, Inc.) was also used for fabricating the skeletons. The skeletons for the miniature bio-compatible actuators were manually folded using crease patterns that were laser cut from a PEEK sheet (0.254 mm). Similarly, all the skeletons for the contraction, twisting, and gripping demos, as well as the 2.6 g light-weight actuator, were laser cut and manually folded using polyester sheets (a 0.127 mm sheet for the gripper, and a 0.254 mm sheet for the others).
The skeletons for the large-scale lifter and the electronics-embedded actuator were both hinged from several laser-cut nylon and acrylic blocks (thickness: 3.175 mm), respectively. A stainless steel (316) shim (thickness: 0.254 mm) was manually formed to a zigzag-shaped skeleton for the underwater actuator. The skeleton of the cylindrical lifter is based on a compression spring made of 302 stainless steel (outside diameter: 22.5 mm, wire diameter: 1.25 mm). The skeleton of the fully soft actuator was cast from a silicone rubber (M4601, Elastosil) using 3D-printed molds.
For the skin materials, we used a 0.24 mm thick TPU sheet (American Polyfilm Inc.) for the soft linear actuator ( Fig.2 (B) and Fig. S7(b) ), the underwater hydraulic actuator ( Fig.2 (D) and Fig. S7(d) ), the electrics-embedded actuator ( Fig. S7(e) ), and the cylindrical lifter ( Fig.3(B) , Fig. S3(d) , and Fig. S8(h) ). A thinner TPU sheet (0.04 mm) was used for all the artificial muscles in the contraction, bending, and twisting demos (Fig.3) , as well as for the cupshaped gripper ( Fig.3 and Fig. S8(h) ). A 0.102 mm transparent PVC film (Vinyl) film was used to make the transparent actuator, and the miniature bio-compatible actuators ( Table S1 . In addition, we also give a list of materials for building FOAMs for different applications (Table S2 ).
Blocked-force measurement
The blocked forces were obtained using a universal testing machine (Instron 5544A, Instron Corporation). Each sample was preloaded with a 50N tension force in order to flatten the skin.
To ensure a static test condition, the vacuum pressure was manually tuned through a vacuum regulator (Squire Cogswell) with a very slow rotational speed. We increased the pressure difference ∆P to -80 kPa (or -90 kPa), waited for 3 seconds, and then decreased it back to 0 kPa in each trial. This actuation-return trial was repeated five times on each actuator sample. A vacuum pressure sensor (MPXV4115VC6U, Freescale Semiconductor, Inc.) was used to detect the pressure inside of the actuation system. The generated force was recorded at 10 Hz from the Instron, and the signal from the vacuum sensor was recorded through a data acquisition device (BNC-2111, National Instruments).
11

Force-contraction experiment
To obtain the force-contraction relationship for each actuator, we applied a constant vacuum pressure to the actuator. The actuator was allowed to freely contract at a very low constant speed (1 mm/s) until the load decreased to 0 N. Then the Instron machine started to pull the actuator back to its original body length using the same speed in the contraction phase. This contraction-returning test was performed five times for each actuator, and both the contraction and force data were recorded at 10 Hz.
Measurement of skin deformation
To characterize skin deformation during actuating, we measured the depth of the geometrical vertex of the deformed skin within a skeleton void at different air pressure levels. As shown in actuator, we performed the measurement for five loops (both the actuating and the releasing processes) using the same setting as used in the blocked-force experiments, and each actuator's displacement data was averaged over these five loops as shown in Fig. S1 (g).
Cycle test and fatigue analysis
In the actuation cycle test, a linear zigzag actuator was vertically clamped to a metal stand, and a 1 kg load was attached to it. In each cycle, the actuator was powered for three seconds to lift up the attached load, then the vacuum supply was blocked and then air was filled into the actuator for another three seconds to release the contraction. This actuation-resting cycle was controlled using a miniature 12 V DC-powered solenoid valve (Parker Hannifin Corporation) with a micro-controller (Arduino Nano), and it was continuously repeated for 30,000 cycles over 50 hours.
The fatigue life of our artificial muscles significantly depend on the fatigue resistances of the skin materials and the skeleton materials. In general, the maximum stress/strain for both the skeleton and skin, along with the material type (e.g., brittle vs compliant materials and associated failure modes), need to be considered in designing an artificial muscle with a desired fatigue life.
For skeletons joined using flexure hinges or living hinges with a required fatigue life, the stress-life (S-N) and strain-life (ε-N) curves can be used either to find the best materials for a given hinge structure, or to find the stress/strain limit of a given material in order to optimize the structural design (8, 9) .
For the compression spring based parallel skeletons, or the skeletons joined together by door hinges, the fatigue life can be very long since commercial hinges and springs are typically designed and fabricated to last several millions of cycles. However, the maximum load and other environmental conditions must be considered.
In addition, for artificial muscles with long fatigue lives, the skin should only experience elastic elongations under the expected loads. This requires that the maximum strains/stresses must not exceed the yield strains/strengths of the skin materials. Similarly, the S-N and ε-N curves can be used either to choose the required materials, or to estimate the external load limits. If the S-N and ε-N characterizations are not available for chosen materials, then the hinge structure and the skin thickness need to be optimized to experience only elastic bending and elongation during actuation or external loading.
In this paper, we used a linear zig-zag muscle with a nylon skeleton for the cycling test. The strains and stresses of the skeleton's flexure hinges were estimated based on Euler-Bernoulli beam theory. The estimated maximum strain of the nylon hinge is approximately 13% at the center of the hinge, when it is fully closed. This value is far from the nylon filament material's strain levels at yield (27%) and at fracture (260%) according to the datasheet (10). For the skin material, the maximum stress was calculated to be approximately 4 MPa during actuation. We also characterized the nylon fabric sheet's ultimate tensile strength of approximately 100 MPa, and there was no yielding observed before material failure in our experiments. Our estimations indicate that both the nylon skeleton contractions and the nylon skin elongations are elastic deformations during cyclic actuation, thus a long fatigue life (>30,000 cycles) can be expected for this actuator.
Power density calculation
To estimate the actuator's power density, we performed dynamic load-lifting tests. A polyesterbased light-weight actuator (mass: m a = 2.6 g) was used in these tests. Vacuum (-80 kPa)
was directly supplied to the actuator to quickly lift an object with mass m load . In each test, the lifting process was recorded using a camera at 60 frames per second, and the lifting height h load and time ∆t were both obtained using an open source image analyzing software (Tracker, http://physlets.org/tracker/). The power density ρ was estimated using the following equation:
14 where W a represents the mechanical power of the load-lifting process, E l is the final potential energy of the system, and g is the gravitational acceleration. The weight of the pressure source and associated plumbing are not included. This estimation was repeated five times for each lifting case, and the results were averaged (Fig. S6(e) ).
9 Characterization of energy conversion efficiency
Mechanical energy efficiency of artificial muscle
To measure energy efficiency, we empirically measured the ratio between the input energy E in and the work done by the system E out . Water and air were both used as the internal fluids. In each trial, the fluid was slowly removed from the actuator using a syringe pump (Pump 11 Elite,
Harvard Apparatus) at a constant low speed (∆V air = 80 mL/min, ∆V water = 10 mL/min), while the pressure data was recorded. A vacuum sensor (MPXV4115V, Freescale Semiconductor) was used in the pneumatic tests, and a pressure transmitter (G2VAC, Ashcroft Inc.) was used in the hydraulic tests. The output energy was estimated by calculating the potential energy increase of the system. An object with known weight m load was attached to the bottom of a vertically clamped actuator in each trial of the pneumatically-driven tests. To cancel water's weight, the actuator was placed horizontally on a desk (with a smooth glass surface), and a vertical load was tethered to its free-end by a Kevlar string over a smooth metal cylinder (plays as a pulley) in the hydraulically-driven tests. The load-lifting height h load was measured using
Tracker software. The energy efficiency can be written as followed:
where g is the gravitational acceleration (9.81 m/s 2 ). P t is the measured fluid pressure, and V t is the volume change during each sampling step (0.1 s). This measurement was repeated five times for each lifting case, and the results were averaged as shown in Fig. S6 (d).
System energy efficiency
In this experiment, the input energy was the electrical energy E e used by the vacuum pump, and the output mechanical energy E m was measured from a load lifting (m load = 500 g) process driven by the linear muscle. The system's energy efficiency was calculated using Eq. 29 for the three DC-powered miniature pumps, and Eq. 30 for the AC-powered large pump.
where g is the gravitational acceleration, and t s is the length of the sampling step (0.001 s). The load lifting process was recorded using a camera, and the final lifting height h load was measured using Tracker software. For the DC-powered pumps, a constant voltage U c was supplied using a DC power supply (1666, B&K Precision Corporation), and the current I t was measured through a hall-effect current sensor (ACS712, SparkFun Electronics & Allegro MicroSystems). For the AC-powered pump, we calculated the input electrical energy using the pump's given power level P e (approximately 380 W) and its working time ∆t. In order to synchronize the experimental data, a reflective optical sensor (TCRT1000, Vishay Semiconductors) was placed under the load to detect the starting moment of the lifting process. The internal pressure was also measured during each test. The data from the current sensor, the vacuum pressure sensor, and the optical sensor were recorded through a data acquisition device (USB-6009, National Instruments). We conducted five measurements for each pump, and the systems' average energy efficiencies are shown in Fig. S6(c) . 11 Scalability of the artificial muscle To build muscles at the meter-scale or even beyond, monolithic fabrication processes would become very difficult. As an alternative to monolithic fabrication, large actuators would likely require assembly by joining multiple discrete parts. Depending on the materials and dimensions, these separate parts can be fabricated using various methods, such as laser-cutting, 3D-printing, and traditional subtractive machining. These parts can then either be hinged together as an assembly (e.g., a group of rigid plates joined together by traditional hinges or flexure/living hinges). The materials used for large skeletons must be strong enough to prevent buckling under large compressive loads. In addition, the skin material's yield and tensile strengths must to be considered for building a large muscle with safe actuation and long fatigue life.
Furthermore, the skin sealing process will become challenging for both small-scale and large-scale fabrication. In our fabrication method, a muscle requires the skin to be sealed tightly, enclosing the skeleton and with no leaks. Thus the strategy for a reliable and easy sealing at both extremely small and large scales needs to be investigated in future work.
To investigate the scalability of our artificial muscles, we designed and fabricated a group of five actuators using a same linear zigzag pattern (60-degree folds) for the skeletons at different scales.
We built a 60-mm wide actuator as the standard size (ID: ×1), then downsized to a ). In addition, two larger actuators were created at : 1 :
: 2, and the ratio of the cross-sectional area is : 1 :
: 4, from the smallest to the largest one. The dimensions of the five actuators are shown in Fig.S5(f) and Table S1 .
The skeleton of the ×2 actuator consists of two 3D-printed ABS ends, and seven laser-cut acrylic plates. Those components are joined together by eight 3D-printed flexure hinges made of a nylon composite material (Onyx, Markforged). The other four smaller skeletons were directly 3D printed using the same nylon composite material. A 0.26-mm-thick nylon fabric sheet was used to make the skins for all the five actuators.
We conducted blocked force measurements for the five actuators and the results are shown in Fig.S5(g) . In general, we can find that the larger the actuator, the lager the blocked force (for the same vacuum pressure). The largest actuator produced a blocked force of approximately 490 N, and the smallest actuator generated a blocked force of approximately 30 N, at -60 kPa pressure. We then normalized the blocked forces (at -20 kPa, -40 kPa, and -60 kPa, respectively) and the cross-sectional areas of all other four actuators compared to the standard actuator (×1). Fig.S5 (h) reveals the relationship between these two normalized scales. The blocked forces of these actuators change proportionally with the cross-sectional areas. There was no significant deviation from this trend in the blocked force observed from our experiments. These results demonstrate the scalability of the FOAM concept, and follow intuition that greater forces can be produced using larger muscles.
Comparison with air cylinders and other elastomer-based artificial muscles
Inspired by the cold gas-pressure folding idea (25), we developed this fluidic artificial muscle architecture. Our artificial muscles have fundamental novelty and are different from traditional pneumatic cylinders/pistons and elastomer-based actuators(e.g., VAMPs) (26).
The principle of operation (physics) of our system is novel. For both pneumatic cylinders/pistons ( Fig. S2(a) ) and VAMPs ( Fig. S2(b) ), their forces are produced on the movable rigid surface that separates the high and low pressure volumes of the actuators, so the forces are limited by their cross-sectional areas. However our system primarily relies on the tension force generated on the actuator's wall surface plus a minor part of the force produced on its bottom surface (not a necessary component), thus the output force is not limited by the cross-sectional area ( Fig. S2(c) ). Therefore, our artificial muscles can generate significantly higher actuation stress (force) than other pneumatic actuators.
Our system's architecture is fundamentally novel. Air cylinder's contraction relies on the sliding motion of its piston head along the inner surface of its chammber. VAMPs generate contractions through the buckling of their elastomeric bodies (26) . Our artificial muscles' contractions are achieved through the folding of origami-like skeletons.
Moreover, the fabrication method for most of the elastomeric actuators relies on casting complex geometries of elastomeric materials, limiting scalability (27, 28) . However, our artificial muscles' fabrication is simply a skeleton-bagging process, thus it is much simpler and more scalable compared to other elastomeric actuators.
In addtion, our artificial muscles can use a wider variety of materials and geometries compared to others. Origami structures and fibers have previously been used as the constraining layers (29, 30) and embedded components (31) to provide reinforcement and programmability in pneumatic elastomeric actuators. However, these actuators are usually driven by compressed air at low pressures to produce limited forces and torques, due to the fragility of the stretched/inflated elastomeric materials. We applied a vacuum (0 to -90 kPa) to these actuators and recorded both the blocked forces and the internal pressures. The actuation stresses were calculated based on each actuator's cross-sectional area, and the comparison is shown in Fig. S2(f) .
One of the linear zigzag muscles (#4 in Fig. S2(i) ) produced a contractile stress of approximately 640 kPa at -90 kPa vacuum pressure, and this is more than seven times greater than the 20 stress generated by the air cylinder at the same pressure level.
Comparison with other popular fluid-driven artificial muscles
To demonstrate the main advantages of the FOAM concept, we compared our technology with other popular fluidic artificial muscles. Although it is difficult to quantitatively compare these (often very different) artificial muscles, Table S3 lists all the accessible information/data among these related technologies. From the data and information in the table, the key advantages of FOAMs are very high force-to-weight ratio, large programmable contraction motion, low cost, wide material choice, and ease of fabrication.
14 Actuators driven by positive pressure
Our actuator can also be driven by a positive pressure difference. In this case the skin needs to be fixed on the skeleton. This fixation process can be achieved by gluing, bonding, tying, riveting, welding, etc. Once the internal pressure becomes higher than the external pressure, the skin will be driven to deform outwards by this pressure difference. The tension force produced on the skin will then actuate the skeleton structure to contract. As shown in Fig. S3(a) and Movie S4, a linear actuator rests in a flat strip structure. Its skin is adhered to the joints of a polyesterbased unfolded zigzag skeleton. When this actuator is inflated with air using a syringe, the flat skeleton will be driven to fold to a zigzag structure while generating a contraction and a pulling force along its axial direction.
We should note that if a skin is fixed on a foldable skeleton, then the muscle can be driven by either a positive pressure or a negative pressure. As shown in Fig. S3(b) , a polyester-based linear zigzag skeleton is covered by a thin polyester film. Each fold of the skeleton has an initial angle of approximately 120 degrees, and the skin is bonded at each fold's joint. This structure allows the skin to expand outwards or contract inwards upon a positive pressure or a negative pressure; the skin tension force pulls the skeleton to fold in both cases. Therefore, this linear muscle can contract and lift a load using either a positive pressure or a negative-pressure.
We characterized the force-contraction relation on another linear actuator made by stronger materials. In this actuator, a nylon fabric skin is zip-tied on a 3D-printed nylon skeleton as shown in Fig. S3(c) . This actuator can generate a contraction of approximately 10 mm and produce a pulling force of approximately 70 N at a very low pressure (30 kPa) . This kind of actuator has a similar working principle as the one used in pouch motors (32) and Peano muscles (33) , however using the transformable skeletons offers a greater programmability for our actuators.
Actuators driven by two different fluids
To demonstrate actuation when driven by two different fluids inside and outside of the skin, we set up a load-lifting experiment. In this hydraulically-driven actuator, a metal compression spring is used as the skeleton, and the skin is made of a transparent thermoplastic polyurethane (TPU) film (thickness: 0.24 mm), then blue-colored water is fully filled inside of the skin without air bubbles. In this demo, the actuator is vertically clamped to a metal stand, and a 1 kg load is attached to its end. A syringe pump is connected to the actuator through a transparent plastic tube. As shown in Fig. S3(d) and Movie S5, when the water is slowly removed from the actuator (∆V = 80 mL/min), the attached weight is lifted and the actuator contracts. This demo shows that our artificial muscle can still work using water as the internal fluid and air as the external fluid.
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For the skeleton design and fabrication, the two common failures are wall buckling, and skeleton sliding. To characterize the performance of the actuator with a buckled skeleton, we fabricated two linear actuators with different wall thickness for comparison. Their skins are made of the same nylon fabric sheet (thickness: 0.34 mm), and the skeletons were 3D-printed using the same zigzag pattern (45 degree angle for each fold). However, one actuator's wall thickness is 3 mm, and the wall thickness of another actuator is only 1 mm as shown in Fig. S4(a) . According to Euler's critical load formula for buckling, the 1-mm-thick skeleton has a lower critical compressive force than the 3 mm thick skeleton for the skeleton buckling. In our experiments, the actuator with the thinner skeleton buckled when the internal pressure was reduced lower than -40 kPa, whereas the actuator with the thicker skeleton performed normally without buckling ( Fig. S4(a) ). As can be seen in Fig. S4(d) , once the actuator's skeleton buckled, its blocked force increased slower than the unbuckled actuator, as the internal pressure decreased from -40 kPa to -70 kPa. The buckled actuator produced a peak force of approximately 80 N at -70 kPa -20% less than the force produced by the unbuckled actuator at the same pressure. The maximum hysteresis of the buckled actuator increased to 10 kPa, twice that of the unbuckled actuator. This reduced performance can be attributed to the dramatically changed structural geometry and the input energy lost to the elastic deformation of the buckled skeleton. From Fig. S4(g) , we also observed a more than 50% decrease in the contraction of the buckled actuator compared to the unbuckled actuator at the same driving pressure (-70 kPa). This is mainly due to the incomplete folding contraction of the buckled skeleton. In order to prevent skeleton buckling, the critical load requirement needs to be considered in the skeleton's structural design and material selection.
To investigate the sliding effect on the skeleton, we compared two linear zigzag skeleton performances. As shown in Fig. S4(b) , these two zigzag-shaped skeletons are made of 3D-printed nylon. One actuator has nine identical voids (60-degree angle for each void), the other has two sizes of the voids (three 30-degree voids and six 60-degree voids). These unequal voids can cause unequal tension forces, and the contraction speeds will also differ for the unequal voids. The unequal force and contraction will induce sliding motions between the skin and skeleton ( Fig. S4(b) ). In our experiments, the sliding motion happened on the actuator with unequal size skeleton voids when the internal pressure decreased to around -10 kPa. As the results shown in Fig. S4 (e), the blocked force increased more slowly compared to the actuator with identical skeleton voids. The blocked force approached approximately 85 N (at -70 kPa)
-approximately 25% less than the actuator that did not exhibit sliding (115 N at -70 kPa). The maximum hysteresis of the sliding actuator was approximately 15 kPa, that is three times greater than the normal level of 5 kPa. In addition, the variation among five trials for the actuator that experienced sliding is much greater than the normal actuator. These performance reductions are due to the unexpected compression motion of the skeleton, as well as the energy loss caused by friction in the sliding motion. Similar as the buckled actuator, the contraction of the sliding actuator was also significantly reduced from 75 mm to 30 mm (Fig. S4(h) ). This large reduction (approximately 60%) of the contraction is due to the incomplete compressive folding of the zigzag skeleton and the motion separation between the skin and the skeleton. There are two solutions for avoiding the undesired sliding motion: first, designing and fabricating the skeleton voids with identical sizes; second, fixing the skin to the skeleton to prevent sliding.
Effect of skin material
To explore the effect of the skin material, we created actuators with a TPU sheet (thickness:
0.24 mm, Young's modulus: 25 MPa) and a TPU-coated nylon fabric sheet (thickness: 0.34 mm, Young's modulus: 460 MPa). Both the actuators used 3D-printed nylon zigzag skeletons (Fig. S4(c) ). As we can see in Fig. S4(f) , both the actuators showed approximately linear force-pressure relations. However, the TPU-skin actuator produced approximately 60% less force compared to the nylon-fabric-skin actuator at the same pressure difference. This reveals that the actuator with softer skin produces less force than the actuator with stiffer skin. This trend can also be observed from the comparison in Fig. S2(i) . The primary reason for this force reduction is that the softer skin is elongated more than the stiffer skin at the same level of pressure difference. The skin length over each void becomes longer, and this reduces the radius of curvature at the contact points of each void. As predicted in our model using the parabolic approximation in Eqs. 4 and 6, the generated tension force will be reduced at the contact points of each void as the skin length is increased. The maximum contractions of the two actuators both approached to approximately 60 mm as shown in Fig. S4(i) . This is due to the same skeleton structures used in these two actuators, as the maximum contraction range is only determined by the skeleton's geometry if there is no buckling and sliding motion on the skeleton. In addition, we also found that the force contraction curve for the TPU-skin actuator is more linear than the nylon-fabric actuator. This indicates that using a softer skin can potentially offer a more linear contraction motion compared to using a stiffer skin, despite the reduction in force production.
Methods for skin-skeleton bonding
To enable secure bonding, we design a bonding plate on the bottom and top of each foldable structural void on the skeleton (Fig.S3(e) ). Two hinges are used to join this bonding plate to the two walls of the void. This bonding plate is designed with a necessary minimum width to provide enough bonding surface for the skin. This design also brings a minimal change to the skeleton's geometry and structure, thus the skeleton's structural strength and programmability can be maintained.
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As shown in Fig.S3(f) , there are several methods for bonding the skin to the skeleton, and the particular strategy depends on the skin/skeleton materials, bonding strength, cost, and application.
Adhesive bonding can provide a quick, simple, and inexpensive approach for a low-profile bond over many materials. There are numerous adhesives for different materials combinations and various purposes, such as epoxy adhesives (high strength), acrylic adhesives (fast curing), urethane adhesives (high flexibility), etc.
Bonding the skin and skeleton via solvent bonding can offer high strength and good stress distribution over the bonded surface. Multiple types of solvents, such as acetone, ethanol, and methanol, etc., can be used for bonding. However, the compatibility of the solvent and the actuator materials needs to be investigated first (34) .
Fusion welding is widely used for bonding thermoplastic materials due to its simplicity. It can also offer a relatively high bonding strength. Thermal-based welding (hot-plate, hot-air, infrared, and laser welding), friction-based welding (vibration, ultrasonic, and stir welding), and electromagnetic welding (induction, resistance, microwave, and dielectric welding) are the most widely used fusion bonding techniques (35) . However, most of these methods are limited to bonding thermoplastic materials.
Another simple and efficient approach for skin-skeleton bonding is mechanical fastening, such as bolting, riveting, tying, and clamping, etc. The bonding strength of mechanical fastening can be very high, although the structure might become bulky and stress concentrations might become significant (Fig.S3(f) ). In contrast to other bonding methods, mechanical fastening also allow us to replace or repair the skin or skeleton when failures happened. given as a sinusoidal wave (peak force: 140 N, frequency: 0.1 Hz), and the input pressure P input (kPa) was calculated using a further simplified model as shown in Eq. 31:
The input pressure was then regulated by a vacuum pressure regulator (ITV0090-3MS, SMC Pneumatics). This pressure regulator was powered by a 24 V DC voltage from a power supply (1667, B&K Precision Corporation), and its control voltage (peak value: 7 V, frequency: 0.1 Hz)
was supplied through an external function generator (DG2021A, RIGOL Technologies Inc.).
The actual blocked force was measured at 10 Hz from the Instron machine, and the signal from the internal pressure was also recorded during the test. The comparison between the desired force and the actual force, as well as the measured internal pressure are shown in Fig. S5(d) .
In general, the output blocked force closely followed the input sinusoidal signal, indicating that our simplified mechanical model can be directly used for force control with a simple open-loop strategy at low frequencies. The maximum tracking error (approximately 35 N, 25% of the peak force) appeared during the unloading process, and this could be due to the unexpected sharp variations of the internal pressure. Therefore, we believe that the tracking error can be reduced by using a better pressure regulator in the pneumatic circuit.
Closed-loop control for the muscle contraction using sensor feedback
Sensors can be embedded into our artificial muscles to provide feedback information, and this information can be used to a closed-loop controller for the muscle. To demonstrate closed-loop control of muscle contraction, we built a nylon-based linear zigzag actuator (60-degree folds)
with a reflective optical sensor (TCRT1000, Vishay Semiconductors) attached on its skeleton as shown in Fig. S5(a) . This optical sensor reads the distance between the two plates of one fold, Fig.1 (a Simple, powerful, and low-cost.
Safe, compliant, durable, large-contraction, and low-profile.
Simple, compact, low-cost, low threshold-pressure, and wide material choice.
Powerful, large-contraction, and low threshold-pressure.
Limitations
Possible sliding, buckling, and failures of the skeleton.
Small contraction ratio, high-threshold pressure, and bulky structure after contraction.
Low actuation-stress and long fabrication-time.
Low actuation-stress and small contraction ratio.
Bulky structure after contraction and long fabrication-time. 
